A lthough dietary macrominerals, particularly sodium and potassium, but also calcium, are thought to play an important role in the primary prevention and control of high blood pressure, less attention has been paid to the possible effects of magnesium. Prospective epidemiological studies have shown that higher dietary magnesium intake may have a modest effect on the risk of hypertension, 1-4 although no such effect has been observed for circulating magnesium. 5, 6 However, both oral and circulating magnesium correlate moderately with actual systemic magnesium absorption and do not take into account that fractional intestinal absorption of magnesium is curvilinear, with relatively high values when dietary intake is low.
A lthough dietary macrominerals, particularly sodium and potassium, but also calcium, are thought to play an important role in the primary prevention and control of high blood pressure, less attention has been paid to the possible effects of magnesium. Prospective epidemiological studies have shown that higher dietary magnesium intake may have a modest effect on the risk of hypertension, [1] [2] [3] [4] although no such effect has been observed for circulating magnesium. 5, 6 However, both oral and circulating magnesium correlate moderately with actual systemic magnesium absorption and do not take into account that fractional intestinal absorption of magnesium is curvilinear, with relatively high values when dietary intake is low. 7 Because magnesium homeostasis is predominantly regulated via the balance between gastrointestinal uptake and renal excretion, urinary magnesium excretion provides an objective estimate of the amount of magnesium that is systemically absorbed. Magnesium absorption can accurately be determined from 24-hour urine specimens, 8 and clinical trials have demonstrated that dietary manipulation of magnesium is reflected in urinary magnesium excretion. 9 Thus far, urinary magnesium excretions from timed 24-hour urine collections have only been used in cross-sectional studies, 10, 11 which are limited by an inability to assess temporal relationships, in that blood pressure could potentially have altered urinary magnesium excretion. Therefore, we prospectively investigated the association of urine magnesium with risk of incident hypertension in a well-characterized cohort of men and women free of hypertension at baseline. renal, and cardiovascular disease in a large cohort drawn from the general population. 12 In summary, from 1997 to 1998, all inhabitants of Groningen, The Netherlands, aged 28 to 75 years, were sent a questionnaire and a vial to collect a first morning void urine sample. Urinary albumin concentration was assessed in 40 856 responders. Subjects with a urinary albumin concentration of ≥10 mg/L (n=7768) were invited to participate, of whom 6000 subjects were enrolled. In addition, a randomly selected group with a urinary albumin concentration of <10 mg/L (n=3394) was invited to participate in the cohort, of whom 2592 subjects were enrolled. These 8592 individuals constituted the PREVEND cohort and completed an extensive examination in 1997 and 1998 (baseline).
The procedure at each examination in the PREVEND study has been described in detail previously. 13 In brief, each of the 4 examinations included 2 visits to the outpatient clinic separated by 3 weeks. Participants completed questionnaires that gathered demographic information and detailed information about health-related behaviors, diagnosis of cardiovascular and renal disease, medication use, and family history. In addition to blood pressure, the height and weight of the participants were assessed, and fasting blood samples (stored at −80°C) and 24-hour urine specimens (stored at −20°C) after thorough oral and written instruction were provided.
For the present post hoc analysis, we excluded subjects with hypertension at baseline (n=3040), those on renal replacement therapy in whom magnesium was cleared predominantly by dialysis instead of urinary excretion (n=12), and those with missing data on urinary excretion of magnesium or other cations (n=29) at baseline, leaving 5511 subjects for the analysis. The PREVEND study has been approved by the medical ethics committee of the University Medical Center Groningen. Written informed consent was obtained from all participants.
Assessment of Urinary and Plasma Magnesium
Urinary and plasma magnesium concentrations were both determined in specimens from the baseline examination by a xylidyl blue method. Urinary magnesium was assessed in two 24-hour urine collections and determined on a MEGA clinical chemistry analyzer (Merck, Darmstadt, Germany) with an interassay coefficient of variation of 2.1%. Circulating magnesium was determined in plasma with lithium heparin as anticoagulant on a Modular analyzer (Roche Diagnostics, Mannheim, Germany) with an interassay coefficient of variation of 1.3%.
Ascertainment of Hypertension
At both visits of each examination, blood pressure was measured on the right arm with an automated device (Dinamap XL Model 9300; Johnson-Johnson Medical, Tampa, FL) every minute for 10 and 8 minutes, respectively, while the subject was supine. The mean of the last 2 recordings from each visit was used. Use of antihypertensive medications was ascertained by questionnaire at each examination and was complemented by information garnered from community pharmacies, which has complete information on drug use of >90% of subjects in the PREVEND study.
Hypertension was defined as systolic blood pressure of ≥140 mm Hg, a diastolic blood pressure of ≥90 mm Hg, or the use of antihypertensive drugs in concordance with recommendations from the Seventh Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure.
14 Antihypertensive medication used for the definition of hypertension included 5 second-level Anatomical Therapeutic Chemical codes: C02 (antihypertensives), C03 (diuretics), C07 (β-blockers), C08 (calcium channel blockers), and C09 (inhibitors). Incident hypertension was defined as hypertension that occurred after the baseline examination. 
Assessment of Covariates

Statistical Analysis
Baseline characteristics are presented in quartiles of urinary magnesium excretion and were made sex specific to reflect the Dietary Reference Intakes of the Institute of Medicine. 18 Normally distributed variables are given as mean±SD, and skewed variables are given as median (interquartile range). The urinary magnesium concentration was multiplied by the 24-hour urine volume to obtain magnesium excretion (in mmol/24 hour). The Pearson product-moment correlation coefficient, as estimate of the intraclass correlation coefficient of reliability R, 19, 20 between the 2 urine specimens of each participants' magnesium excretion was r=0.55 (P<0.0001). Given the substantial within-subjects correlation, we averaged the two 24-hour urinary magnesium excretion values of each subject.
To examine the association between urinary magnesium excretion and subsequent risk of hypertension, we treated urine magnesium both as a continuous variable (ln-transformed) and as a categorical variable (in sex-specific quartiles). We applied the ln-transformation to the continuous magnesium variable to improve the model fit. We examined potential nonlinear relationships using restricted cubic spline transformations and tested nonlinearity by using the likelihood ratio test, comparing nested models with linear or linear and cubic spline terms. No significant deviations from linearity were detected. We used the Cox proportional hazards regression analysis to examine the association between urinary magnesium excretion and risk of hypertension. Person-time of follow-up was computed for each participant in the cohort from baseline until the date of the last screening round that participants attended, the incidence of hypertension, death, or relocation to an unknown destination, whichever came first. All models took into account the sampling design of the study (presence or absence of urinary albumin concentration >10 mg/L) by specifying stratum-specific baseline hazard functions. To determine the independent association of urinary magnesium excretion with risk of hypertension, the Cox proportional hazards regression model was adjusted for age and sex (age-and sex-adjusted model) and for age, sex, BMI, smoking (5 categories), alcohol intake (5 categories), and parental history of hypertension. In addition, we adjusted our multivariable models for important dietary macrominerals that have previously been associated with risk of hypertension, such as sodium intake, estimated from 24-hour urinary sodium excretions, and urinary potassium and calcium excretion. Additionally, we also investigated the effect of potential intermediate and biochemical variables by adding ln-transformed estimated glomerular filtration rate, ln-transformed C-reactive protein, total to high-density lipoprotein cholesterol ratio, ln-transformed triglycerides, and urinary levels of albumin (ln-transformed) and creatinine excretion. Multiplicative interaction was assessed by fitting models containing both main effects and their cross-product terms.
We performed several sensitivity analyses to study the robustness of significant associations between urine magnesium and risk of hypertension. First, we excluded 24-hour urine samples with possible over or under collections. Such samples were defined as the upper and lower 2.5% of the difference between the estimated and measured volume of a subject's 24-hour urine sample. The estimated 24-hour urine volume was derived from the formula: Creatinine clearance=([urine creatinine]×24-hour urine volume)/ [Serum creatinine]), where creatinine clearance was estimated using the Cockcroft-Gault formula. 21 If accurately collected, estimated creatinine clearance using 24-hour urine specimens and estimated creatinine clearance using a serum-based equation (which is entirely independent of the timed urine) should be similar. We also repeated by guest on January 26, 2018 http://hyper.ahajournals.org/ Downloaded from our analyses with urinary magnesium excretion corrected for body surface area by applying the formula of Du Bois. 22 We addressed the oversampling of subjects with elevated urinary albumin excretion by using a design-based Cox proportional hazards regression model that took into account the probability of selection by statistical weighting. The statistical weighting enabled us to estimate the effect size on the general population level. To address potential reverse causation, we also repeated the analyses, excluding subjects with incident hypertension in the first 2 years of follow-up. To examine potential bias attributable to lost to follow-up, we also repeated the analysis restricted to subjects who were censored only on the basis of attended follow-up examinations (thus excluding subjects censored on the basis of relocation or death). Finally, instead of the Cox proportional hazards regression analysis, we reanalyzed the data using logistic regression, which is free of assumptions for the time-to-event definition for incident hypertension.
Similar analyses were performed for circulating magnesium. We used overall quartiles rather than sex-specific quartiles because no differences between sexes in plasma magnesium exist. We tested the association between magnesium in urine and plasma with ageand sex-adjusted Pearson partial correlation coefficients. Statistical analyses were performed by using the Statistical Package for Social Sciences (SPSS Inc, Chicago, IL) version 20.0 and SAS (SAS Institute, Cary, NC) version 9.2.
Results
Median baseline 24-hour urinary excretion of magnesium was 3.8 mmol (interquartile range, 2.9-4.8 mmol) and was higher in men 4.2 (3.2-5.2) than in women 3.6 (2.7-4.4). Under the assumption of an intestinal absorption of ≈30%, 7,23 this median urinary excretion level would correspond to a daily dietary magnesium intake of ≈309 mg. Table 1 shows baseline characteristics of participating subjects according to sex-specific quartiles of urinary magnesium excretion. In unadjusted analyses, higher urinary magnesium excretion levels were associated with slightly higher BMI, lower intakes of alcohol and, as expected, higher urinary levels of other cations. Urinary magnesium excretion levels were not associated with other risk factors for hypertension, including age, smoking status, family history, or with systolic and diastolic blood pressure at baseline. Urinary magnesium excretion was not correlated with plasma magnesium (r=−0.02; P=0.12). Table 2 ). In the multivariable-adjusted model, risk of hypertension associated with magnesium excretion decreased by 21% (HR, 0.79; 95% CI, 0.71-0.88). The adjusted restricted spline curve confirmed the log-linear inverse association over the full spectrum of urinary magnesium excretion with risk of hypertension (P linear <0.001; Figure 1 ; see Figure S1 in the online-only Data Supplement for graph on normal, nonlogarithmic scales). Findings were generally similar in analyses stratified by selected characteristics (Figure 2) , and no significant interactions by age, sex, BMI, smoking status, alcohol consumption, calcium excretion, or urinary albumin concentration were found (all P interaction >0.10). Results were not appreciably altered with further adjustment for potential intermediate and biochemical variables. No associations were observed between plasma magnesium and risk of hypertension both in age-and sex-adjusted or multivariable-adjusted models (Table 3) .
In a sensitivity analysis, the HR per 1-unit increment in ln-transformed urinary magnesium excretion was somewhat attenuated but remained highly significant after exclusion of 298 subjects with potentially inadequate urine collection (HR, 0.84; 95% CI, 0.78-0.92). Also, the design-based Cox proportional hazards model to address the oversampling of subjects with elevated urinary albumin excretion yielded similar results (HR, 0.83; 95% CI, 0.70-0.98). Furthermore, results were also not meaningfully changed when only incident events after the first 2 years of follow-up were considered (HR, 0.80; 95% CI, 0.71-0.90) or when controlled for body surface area instead of BMI (HR, 0.76; 95% CI, 0.68-0.85). Finally, results were more pronounced when we applied a logistic regression to the data instead of Cox proportional hazards regression (odds ratio, 0.76; 95% CI, 0.66-0.87) or when we reanalyzed the data restricted to subjects who were censored only on the basis of their last attended examination (HR, 0.73; 95% CI, 0.65-0.82; n=4555).
Discussion
The present investigation is to our knowledge the largest prospective study to date to examine the association of urinary magnesium excretion with incident hypertension in a general population cohort. Our results demonstrate an inverse doseresponse association over the entire range of habitual intake between urinary magnesium excretion and risk of hypertension. This relationship remained in models that were controlled for multiple confounders, both dietary and nondietary, and was similar irrespective of sex, age, BMI, smoking status, alcohol intake, and urinary excretion of albumin or calcium. No associations were observed for plasma magnesium and risk of hypertension.
Our findings of higher urinary magnesium excretion, as estimate of dietary absorption, and lower risk of hypertension confirm previous observations of modest inverse associations noted in prospective studies on dietary magnesium intake. [1] [2] [3] [4] The dose-response association in our study corroborates with findings of a meta-analysis of 20 randomized trials (lasting 3 to 24 weeks) that observed a dose-dependent effect of magnesium supplementation on both systolic and diastolic blood pressure levels. 24 However, this meta-analysis included trials with predominantly (pre)hypertensive subjects and with supradietary doses (up to 40 mmol/d equivalent to ≈972 mg/d) of magnesium supplementation. Magnesium from supplements may have other effects on blood pressure than that of modest dietary doses (usually <20 mmol/d equivalent to ≈486 mg/d), and purified nutrients do not necessarily have the same effects as nutrients obtained from a complex matrix as in foods. 25 Regardless, these results suggest that oral magnesium intake may play a role in blood pressure regulation.
In line with previous prospective studies, 5, 6 we found no relation between plasma magnesium and risk of incident hypertension. Similar to weak correlations observed in studies assessing magnesium from dietary questionnaires and blood, [26] [27] [28] we noted a very weak, nonsignificant and even inverse correlation between urinary and circulating magnesium. Although circulating levels are routinely measured in a clinical setting, plasma magnesium only represents ≈1% of the total body store and is kept within a narrow homeostatic range, 29 as shown by a low intraindividual and temporal variability. 30 Decreased plasma levels may be compensated by release of magnesium deposited in bone, 31 making circulating magnesium less reflective of dietary intake of magnesium.
Taken together, it suggests that circulating magnesium and urinary magnesium excretion represent distinct exposures.
A recent Dutch food consumption survey 32 showed that >1 in 5 Dutch adults had a daily magnesium intake below the Estimated Average Requirement of 350 mg for men and 265 mg for women set by the Institute of Medicine. 18 In this cohort, ≈54% of all men and 40% of all women would have been classified as having a magnesium intake below the Estimated Hazard ratios (HRs) and 95% confidence intervals were derived from Cox proportional hazards regression models. The multivariable model was adjusted for age, sex, body mass index, smoking status, parental history of hypertension, alcohol consumption, sample design, and urinary excretion of sodium, potassium, and calcium.
*The biomarkers (potential intermediate and biochemical variables) included estimated glomerular filtration rate, C-reactive protein, total to high-density lipoprotein cholesterol ratio, triglycerides, and urine levels of albumin and creatinine. Average Requirement when assuming a fractional intestinal absorption of ≈30% over the entire range of intake. 7, 23 According to 2 iterations of the National Health and Nutrition Examination Survey, even more than half of the US adults did not meet the Estimated Average Requirement of magnesium intake. 33, 34 The prevalence of inadequate magnesium intake by millions of adults combined with the lowered risk of hypertension associated with higher urinary magnesium excretion, as marker of dietary uptake, highlights an important, yet fairly underrecognized, potential for the primary prevention and control of high blood pressure.
The mechanisms by which magnesium may influence the pathogenesis of high blood pressure remain unclear, although several lines of experimental evidence may provide some explanation for the observed lower risk of hypertension associated with dietary magnesium. Magnesium may act as a calcium antagonist because it can act on most types of calcium channels in vascular smooth muscle. As such, magnesium is thought to decrease intracellular calcium, thereby lowering calmodulin-dependent myosin light chain kinase activity, which causes arterial relaxation and subsequent decreases in vascular resistance and arterial blood pressure. 35 In addition, in vitro studies showed that magnesium enhances synthesis of nitric oxide, a potent vasodilator, and is involved in the regulation of endothelial function, [36] [37] [38] which seems to correspond with the favorable effect of magnesium on some endothelial markers in cross-sectional studies. 39, 40 Strengths of the present study include the prospective design, the large sample size, the extensive adjustment for covariables and cations associated with hypertension, 41 the use of serial blood pressure measurements over time and participant Hazard ratios (HRs) and 95% confidence intervals were derived from Cox proportional hazards regression models. The multivariable model was adjusted for age, sex, body mass index, smoking status, parental history of hypertension, alcohol intake, study design, and plasma levels of sodium, potassium, and calcium.
by guest on January 26, 2018 http://hyper.ahajournals.org/ pharmacy information on antihypertensive medication to define hypertension, and the use of 2 consecutive 24-hour urine specimens to objectively define magnesium uptake. Some limitations warrant consideration. First, although urinary magnesium excretion reflects a subject's dietary magnesium uptake 9, 10 and overcomes limitations of recall bias and differences in intestinal absorption associated with dietary questionnaires, its precision depends on accurate collection. To evaluate this, we performed a sensitivity analysis, in which we excluded subjects with potentially inadequate 24-hour urine collection, which yielded similar results. Also, the correlation between the two 24-hour urinary magnesium excretions in this study was comparable with those reported in the INTERSALT (International Cooperative Study on Salt, Other Factors, and Blood Pressure) study. 19 Second, magnesium was measured only at baseline, and we could not address changes over time, which may have led to misclassification. However, because data were prospectively collected, misclassification is likely to be nondifferential, which would lead to an underestimation rather than an overestimation of the observed association in this study. Third, the subjects who volunteered for providing urine samples may differ from the general population, which may limit generalizability. Also, subjects with a urinary albumin concentration of ≥10 mg/L were overrepresented in this cohort. However, the point estimates of the association between subjects with and without this condition did not differ (Figure 2 ), which makes it unlikely that this overrepresentation influenced the observed findings. Fourth, approximately one third of those who were free of hypertension at baseline and participated in the first examination did not participate in the fourth examination, in large part because of relocation or death. However, because individuals with hypertension may be more likely to be lost to follow-up because of cardiovascular disease or death, any survival bias that was introduced would likely lead to an underestimation of the association between urinary magnesium excretion and risk of hypertension. Indeed, the association seemed to be stronger when the analysis was restricted to subjects who were censored only on the basis of attended examinations. Finally, as with any observational study, residual confounding factors cannot be fully excluded. We adjusted, to the best of our ability, for potential confounders, including sodium intake and potassium excretion, but because magnesium is predominantly present in green leafy vegetable, legumes, nuts, and whole grains, effects of other unmeasured nutrients or dietary components closely associated with urinary magnesium excretion may have been responsible for the observed association.
Perspectives
In conclusion, our findings suggest that higher urinary magnesium excretion, an indicator of dietary magnesium uptake, is associated with a lower risk of incident hypertension. This effect was apparent over the entire range of dietary magnesium intake levels, persisted after adjustment for urinary excretion of several other important cations and established risk factors for hypertension, and was consistent in several subgroups. The current association between urinary magnesium excretion and risk of hypertension requires replication. If further studies replicate these findings, randomized controlled trials may be warranted to test whether increasing magnesium intake or magnesium uptake from the gut could lower blood pressure and prevent hypertension.
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• The inverse association between urinary magnesium excretion and risk of hypertension was independent of dietary (eg, sodium, potassium, and calcium) and nondietary risk factors for hypertension and was consistent in several subgroups.
• The current findings could have substantial public health implications given the highly prevalent inadequate magnesium intake in Western societies combined with the enormous burden associated with hypertension.
Summary
During a median follow-up of 7.6 years, 1172 participants developed hypertension. Higher urinary magnesium excretion, a reflection of dietary magnesium uptake, was associated with a lower risk of hypertension over the entire range of habitual intake levels after adjustment for both dietary and nondietary risk factors.
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